Graphene/silica nanocomposites in the form of highly porous aerogels are obtained for the first time by integrating a novel approach for the production of low defectivity graphene with a two-step route for the synthesis of a silica-based monolith. Different from the other synthetic methods, the use of cogelation of a dispersed phase and matrix followed by high temperature supercritical drying leads to well dispersed bilayered graphene inside a high surface area silica matrix with an open texture porosity.
Introduction
The occurrence of organic pollutants in water is a relevant environmental issue with considerable socio-economic impact. The treatment of wastewater and the removal of oils from water in particular hold great relevance for ecosystems and public health. Nowadays, several methods are available to remove oils from water, ranging from bioremediation to the use of dispersants, solidiers and sorbents, where oil spill-up strategies adopted by the major oil companies make use of a combination of these methods.
1 Such methods, however, usually show low efficiency, high costs and/or toxicity. For example, during the largest oil spill occurred so far, that is the Deep Water Horizon disaster, extensive use of dispersants was found to be highly toxic for marine system with particular reference to corals and sh eggs.
2 As a consequence, intense research has recently focused on the use of sorbents. 3 In particular, hydrophobic and oleophilic materials, due to their ability to repel water and absorb oils or other organic solvents with high volume and rate, have a major role as prospective tools for serious environmental issues. 4 Sol-gel techniques have been found to be particularly suited for the design of hydrophobic and oleophilic sorbents, as the so chemistry conditions enable the incorporation of non polar organic moieties either during or aer inorganic network formation.
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In addition, sol-gel protocols which enable a ne control over the textural features responsible for sorption properties such as surface area, pore size, shape, symmetry, and interconnection have now been successfully established. [6] [7] [8] Silica aerogels are to date the solids with the largest porosities and can be produced by sol-gel routes which include specic drying procedures that do not affect the high porosity associated to the open and branched solid network formed in the wet gel.
9, 10 The combination of large porosity and hydrophobicity has been shown to make aerogels technologically relevant materials in a broad range of applications from thermal insulation, 11, 12 to drug delivery, 13 and Cherenkov detector 14 and their development still attracts a lively interest.
hydrophobic silica aerogel in environmental clean-up, 17, 18 and particularly in oil spill-up, has been made. [19] [20] [21] In this work, we address the design of a sorbent for prospective application in water clean-up treatment by introducing for the rst time a composite aerogel with both hydrophobic and oleophilic features made out of exfoliated graphene sheets dispersed into highly porous amorphous silica. Graphene, featuring two-dimensional single atom carbon sheets, has recently inspired intense research because of its peculiar physicochemical features. [22] [23] [24] For instance, electrical, physical, chemical, mechanical, and structural properties [25] [26] [27] have been proposed for applications in elds such as nanoelectronics, [28] [29] [30] [31] sensing, 32 clean energy devices, [22] [23] [24] 33 catalysis 34 and decontamination of wastewater. 35, 36 Within this framework, the hydrophobic properties of graphene have been recently exploited for oil absorption. [37] [38] [39] [40] [41] It has been recognized, however, that a key issue to fully exploit the application capabilities of graphene in environmental issues lies in either its assembly into 3D structures or incorporation into a matrix, 42 and novel composites where the synergistic occurrence of graphene dispersed in a suitable matrix has lead to mixed functionalities have been proposed for use in solar energy conversion and removal of pollutants. 43, 44 Silica in particular is regarded as a suitable matrix due to intrinsic physico-chemical properties, including being relatively inert and non-toxic, which makes it suitable for environmental remediation.
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Here, the morpho-structural features of the novel graphene/ silica aerogels were investigated with particular emphasis onto the effect of graphene loading on the hydrophobic/oleophilic properties and ultimately on oil sorption efficiency of the nanocomposites.
Experimental section

Preparation of graphene in DMF dispersion
Graphene was obtained using a method recently optimized by Mariani et al., [47] [48] [49] [50] [51] based on the exfoliation of graphite 52 in a liquid medium (solvent or reactive medium) to form single or few-layer graphene. In this work, graphene was obtained in N,Ndimethylformamide (DMF, Sigma Aldrich, MW: 73.08, bp: 152-154 C). In detail, graphite akes (5.0 g, particle size +100 mesh ($75% min), Sigma Aldrich) dispersed in 100 g of DMF were introduced in a 250 mL ask; the mixture was sonicated in an ultrasonic bath at room temperature for 24 h. The dispersion was then centrifuged for 30 min at 4000 rpm, and the residual solid graphite was removed. The concentration, calculated by gravimetry aer ltration through polyvinylidene uoride lters (pore size 0.22 mm), was found to be equal to 0.35 mg mL À1 .
Synthesis of graphene/silica aerogel nanocomposites
The nanocomposite sorbents were prepared using a modica-tion of a synthetic approach developed in our laboratories for the preparation of silica-based aerogels. [53] [54] [55] In a typical synthesis, 3.95 mL of tetraethoxysilane (Si(OC 2 H 5 ) 4 , Aldrich, 98%, TEOS) which acts as silica precursor are added to absolute ethanol (EtOH, Fluka) and pre-hydrolyzed under acidic conditions using 1.965 mL of acidic stock hydrolyzing solution (prepared by mixing 2 mL of nitric acid (HNO 3 , Carlo Erba, 65%), 80 mL of absolute ethanol and 130 mL of distilled water). To obtain a nal nanocomposite with a graphene loading of 0. The amount of graphene dispersion was varied in order to obtain different graphene loadings.
Physical-chemical characterization
Transmission electron microscopy (TEM) images were recorded on a Hitachi H-7000 instrument running at 125 kV and equipped with a AMT DVC (2048 Â 2048 pixel) CCD camera. Prior to observation, the samples were nely ground and deposited on a carbon-coated copper grid. Surface areas, pore sizes and pore volumes were obtained from N 2 adsorption-desorption measurements at 77 K recorded on a Micromeritics ASAP2020. Surface area was estimated using the Brunauer-Emmett-Teller (BET) model, pore size and pore volumes were estimated using the Barrett-Joyner-Halenda (BJH) method.
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FTIR spectra were obtained through a Bruker Tensor 27 spectrometer (250 scans; resolution 2 cm À1 ) at 25 C. The collected spectra were manipulated using OPUS (version 6.5) soware. In particular, a Platinum-ATR accessory and a DTGS (deuterated tri-glycine sulfate) detector were used. Raman analyses were performed on powders of aerogel samples deposited onto silicon wafer by using a Bruker Senterra confocal Raman microscope with a laser excitation wavelength of 532 nm, 12.5 mW of nominal power and a 50Â objective. The spectra were recorded in the 70-4500 cm À1 range, with a resolution of 9 cm À1 , an integration time of 3 s and 6 co-additions.
The number of graphene layers was estimated through a Laurentian t of the Raman spectra in the 2820-2560 cm À1 range by using an analysis soware. The t provided a R 2 higher than 0.9995. The hydrophobicity of the samples was evaluated using a Dataphysics OCA 20 instrument by measuring the contact angle of 5 mL water droplets deposited onto aerogels fragments. The reported contact angle was taken as a median of at least 5 measurements.
Adsorption capacity measurements
The adsorption tests were performed by placing a block of nanocomposite aerogel, with a given mass m a , in a mineral oil (Aldrich, viscosity > 34.7 cSt, density 0.862 g mL À1 ) or crude oil (Sartec, viscosity < 20.5 cSt, density < 1.010 g mL À1 ) or in a mixture of distilled water and mineral oil colored by Oil Blue N (Aldrich).
Results and discussion
Design and characterization of the aerogel nanocomposites
Graphene/silica nanocomposites were obtained for the rst time in the form of aerogels. The sol-gel procedure was designed to incorporate a graphene suspension at the early stages of gel formation, ensuring homogeneous dispersion of graphene within the silica network, followed by supercritical drying of the wet gel. The issue related to the incorporation of graphene nanosheets into a silica matrix through sol-gel chemistry is mainly due to the low dispersibility of graphene in most common solvents. 58 Several kinds of common graphene dispersants have been explored, such as poly(ethyleneglycol) diacrylate and 1-methyl-2-pyrrolidone, 59 as well as dispersants successfully employed in the production of graphene nanocomposite by sol-gel such as 1-vinyl-2-pyrrolidone.
60-62 These dispersants, however, turned out to produce a nal aerogel nanocomposite with highly inhomogeneous morphology, probably due to polymerization of the dispersant at the relatively high temperatures and pressures employed during supercritical drying. Finally, the combined choice of DMF, as dispersant, and LiBH 4 , as reducing agent, enabled us to obtain a well-dispersed nanocomposite with hydrophobic properties. It should be pointed out that, without using LiBH 4 , the resulting nanocomposite keeps indeed its high porosity and homogeneity, but shows hydrophilic features (see ESI, Fig. S1-S3 †) . On the other hand, through the optimized synthetic approach, aerogels with increased hydrophobicity provided by the graphene addition were obtained for the rst time. In particular, Fig. 1a shows a water droplet deposited on the surface of the 0.1 wt% graphene/aerogel nanocomposite where the quasispherical shape of the droplet evidences the extreme water repellency.
The strong hydrophobic character is conrmed by contact angle measurements (Fig. 1b) , which provide an average contact angle value of 144 , higher than those of undoped silica aerogel (138 ), suggesting a valuable change of the aerogel functional properties even at very low graphene loadings. We ascribe the high contact angle to the combined hydrophobic features of the nanocomposite and to the textural features of aerogels and resulting surface roughness. In particular, when the contact angle is measured on the graphene/silica 0.01 wt% nanocomposite aerogel pressed into a dense pellet, the value for the same sample decreases from 144 in the form of aerogel to 75 in the form of dense pellet, indicating that the hydrophobic properties of our graphene/silica aerogel arise from the combined contribution of graphene and of the texture of aerogels. TEM investigation of the graphene/silica nanocomposites (Fig. 1c-e) shows a necklace silica network with the characteristic porous texture of aerogels, which encloses well dispersed graphene sheets. SEM images support the above ndings, indicating the occurrence of layered structures due to graphene sheets dispersed within the mesoporous matrix (Fig. S5 †) .
These observations suggest that the proposed procedure is effective in introducing graphene sheets within the silica aerogel and that the chemicals adopted for the sol-gel synthesis of the graphene/silica nanocomposite do not affect the textural features typical of silica aerogels.
The porous structure of the aerogel nanocomposites has been analyzed through N 2 physisorption. As Raman spectroscopy was demonstrated to be a valuable tool to gain insights on the quality and aggregation state of graphene, the Raman spectra of the nanocomposite aerogels were collected, as shown in Fig. 2 for the nanocomposite aerogel with a loading of 0.1 wt%.
60,63,64
The spectrum is dominated by a narrow and intense band peaked at 1568 cm À1 (G band) associated to the rst-order 
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Peak prole analysis of the 2D Raman band centered at about 2685 cm À1 was performed to assess the aggregation state of the exfoliated graphene akes within the aerogel nanocomposite. The number of Lorentzian curves capable of tting the 2D band can, in fact, clarify the nature of the layered structure (mono-or n-layers) of the embedded graphene. 63, 64 In the case of our graphene/silica aerogels it was found that the 2D graphene could be effectively deconvoluted by 4 Lorentzian curves, as shown in Fig. 2b , suggesting the occurrence of the graphene akes embedded into the silica aerogel matrix as bilayers and ruling out signicant aggregation.
Adsorption capacity measurements
The potential of the developed graphene/SiO 2 aerogels as sorbents for oils was rst tested on a mixture of distilled water and a commercial blue-coloured mineral oil, as shown in Fig. 3 . Mineral oil is not miscible with water ( Fig. 3a) and when a small fragment of graphene/SiO 2 aerogel is added, it oats on top of the water surface and goes into contact with the oil phase (Fig. 3b) . The aerogel readily adsorbs the oil phase (Fig. 3c) and leaves the water surface clean once the oil-loaded aerogel is removed (Fig. 3d) . The process is so quick that, under our standard experimental conditions, the adsorption goes to completion in a time scale of tens of seconds. During this process, no water absorption is observed suggesting that graphene induces an oil-selective adsorption property in these nanocomposites.
In order to investigate the sorption rate of the mineral oil into the aerogel, a standardized clean-up process of an oilcontaminated water was monitored as a function of time. In detail, a fragment of graphene-silica aerogel was placed on the surface of a water/oil mixture and the adsorption capacity (k) dened as mass of oil-loaded aerogel to initial mass of the aerogel was measured at increasing times. The mass of mineral oil has been optimized and kept constant so that the mineral oil was never completely adsorbed from water. This ensures that all the samples were fully loaded at the end of the process.
Moreover, using this amount of oil we have not observed appreciable variations in the absorption rate of samples with similar composition (i.e. same graphene content) but different weight. Fig. 4 shows a plot of the adsorption capacity at different times; each point is the average value of the adsorption capacity collected in three different test using different blocks of the same sample. The adsorption capacity values increase rapidly over the rst 30 seconds and the maximum of adsorption is 4 Adsorption capacity of mineral oil from water by 0.1 wt% graphene/SiO 2 aerogel nanocomposite. Each point is the average value of three determinations of the adsorption capacity. The relatively large error bar at the early steps of adsorption is due to the fast kinetic for oil uptake; the error in the plateau-regime zone is ascribed to the loss of very small aerogel fragments due to repeated mechanical dipping and withdrawal of the aerogel from the oil/water mixture.
A quantitative assessment of the absorption capacity as a function of the graphene content (0, 0.003 and 0.1 wt%) was performed by placing a fragment of nanocomposite (5-15 mg) on the surface of the mineral oil. The aerogel was kept on the oil surface for 3 minutes assuming that, aer this time, the maximum of adsorption was reached as resulted from the adsorption capacity experiments. All the three samples are hydrophobic and show very similar pore textures although different surface area (see Fig. S6 †) , which decreases when the graphene content increases ( Table 1) .
The adsorption capacities, k, of the nanocomposites with different graphene loading (0, 0.003 and 0.1 wt%) are reported in Fig. 5a , where every point is the average value of the adsorption capacity collected in ve independent tests using different blocks of the same sample. Despite the very low quantity, graphene improves the adsorption properties of the aerogel, with an increase of the adsorption capacity of more than 20% for the 0.1 wt% nanocomposite as compared to the undoped aerogel.
This effect is even more remarkable if we take into account the reduced porosity (Fig. 5b) ; in fact by taking into account the different surface areas of the aerogels, the improvement of the performances provided by the graphene addition increases up to 35% for the 0.1 wt% nanocomposite. Preliminary tests on the adsorption capacity of crude oil from the graphene/silica aerogel with 0.01 wt% content show that values around 7 are obtained, supporting the potential of the materials for water remediation from oil spills.
The adsorption capacities observed for our aerogels are close to those found for silica aerogels 16, [19] [20] [21] and polyurea aerogel; 65 however, it should be pointed out that comparison of the performance of different sorbents through their adsorption capacity values is not straightforward as the estimated values depend on several experimental conditions (determination on either powdered or monolithic sorbent; kind of the oil used; procedure used for the removal of the oil on the external surface prior to weighing, etc.).
On the other hand, it is noteworthy to remind that pure carbon-based materials have recently emerged as sorbents with extremely high k values, such as graphene sponges (k values up to 100), 38, 39 foams (200), 37 aerogels (250), 40, 41, 66 and carbon aerogels (200). 67 However, while pure carbon-based materials exhibit unprecedented oleophilic properties, it is expected that application of carbon/silica nanocomposite aerogels to environmental remediation may benet from the use of a lightweight though solid sorbent based on an inert and nontoxic material, such as silica aerogel.
A specic advantage associated to the use of silica-based carbon-doped sorbents can be found in the achievement of re-resistance, as burning represents a major threat connected to oil spills. As shown in Fig. 6 , the developed graphene/silica nanocomposite aerogels exhibit a relatively good heat resistance to re which can be ascribed to the outstanding insulating properties of silica aerogels, and are therefore suited for use in the occurrence of ammable liquid spills. Aer oil uptake and burning, the graphene/silica nanocomposite aerogel still retains its hydrophobic features and keeps oating on water, although its oil adsorption capacity drops down to 50% of its original value (see ESI, par.S4 and Fig. S7 † for more details) .
We prospect that the developed method for the synthesis of graphene/silica nanocomposite aerogels will open up the possibility to develop novel silica-based aerogel sorbents with improved performance for oil removal. It should be pointed out that successful preparation of composite aerogels by co-gelation of the dispersed and matrix phases, which ensures compositional homogeneity of the resulting material, requires the use of high temperature supercritical drying techniques such as the one adopted here. In fact, although less expensive drying procedures would be also available to produce aerogel and aerogel-like materials, they all rely on solvent-exchange procedures which result in leakage of the dispersed phase from the wet gel. 68 It is expected therefore that higher graphene loadings could be obtained without damaging the silica aerogel texture, as opposed to what observed in composites where graphene is added to the porous sorbent by repetitive post functionalization, leading to pore blocking at relatively high carbon loading.
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Conclusions
A nanocomposite aerogel made out of graphene sheets dispersed into amorphous silica has been obtained and tested as a novel sorbent for prospective application in water clean-up treatments. The use of suitable dispersants for the graphene phase in the sol, enables obtaining a composite gel, which was converted into a highly porous aerogel by supercritical drying, through a one-pot approach. The nanocomposite aerogels retain both the high quality of the initial bilayered graphene, dispersed in DMF, as well as the highly porous texture of typical silica aerogel matrix. Graphene loading as low as 0.003 wt% leads to graphene-silica aerogels with enhanced hydrophobic and oleophilic features, as demonstrated by water contact angle measurements and commercial mineral oil uptake. The efficiency of prepared graphene/silica nanocomposite aerogels for oil spill clean-up were assessed through water-oil separation experiments. Small amount of graphene (0.1 wt%) in the nanocomposite induces a relative increase of the absorption property by 20% compared to undoped silica aerogel; however, if the absorption property is rescaled by the surface area, the relative increase is enhanced up to 35%. Thanks to the versatility of the sol-gel chemistry, we expect to extend our innovative approach to a broader range of compositions, in order to produce optimized sorbents for environmental remediation.
We anticipate that the route developed here for graphene/ silica aerogels will inspire novel protocols for the integration of graphene into nanocomposites, expanding the applicability of graphene properties and opening up the way to the design of novel multifunctional materials. Fig. 6 Digital images showing the effect of direct flame on a graphene/silica aerogel: the graphene/silica aerogel exposed to a flame (a) remains unaltered (a 0 ). On the other hand, after the aerogel has been soaked in oil and is exposed to fire (b) it does burn, although burning is relatively controlled (b 0 ) and when the aerogel is exposed again to a flame no variation is observed (c and c 0 ).
